In order to deal with the conflicts between broad spectral region and high resolution in compact spectrometers based on a flat field concave holographic grating and line array CCD, we present a simple and practical method to design a flat field concave holographic grating that is capable of imaging a broad spectral region at a moderately high resolution. First, we discuss the principle of realizing a broad spectral region and moderately high resolution. Second, we provide the practical method to realize our ideas, in which Namioka grating theory, a genetic algorithm, and ZEMAX are used to reach this purpose. Finally, a near-normal-incidence example modeled in ZEMAX is shown to verify our ideas. The results show that our work probably has a general applicability in compact spectrometers with a broad spectral region and moderately high resolution.
Introduction
Spectrometers are widely applied for element analysis and content measurement in modern steel and iron, chemical, metallurgy, materials, and environment pollution domains, and so on. At present Rowland or Czerny-Turner configurations are the typical mounts in many spectrometers [1] [2] [3] [4] [5] [6] [7] [8] . To obtain a high spectral resolution, long camera foci and high groove density gratings are usually used. Some Rowland and Czerny-Turner mounts utilized the scanned grating or several gratings to cover the broad spectral range [1] [2] [3] [4] [5] [6] [7] [8] . The German Spectro Company has developed SPECTROLAB ARCOS, in which 32 line array CCDs and 2 gratings were used to cover a 130-770 nm region with 3 pm (130-340 nm) and 6 pm (340-770 nm) resolution [9] . However, long foci lead to a large volume of the instrument, and high groove density gratings limit the maximum diffraction range.
Using many CCDs and several gratings increases the complexity of instrument. One solution is the Echelle spectrometer with multiple optical components [10] , and another is the flat field concave holographic grating [11] . It is an important dispersion component that provides both dispersion and camera functions [12, 13] . It is very suitable to integrate with a line array CCD to produce a spectrometer with a sole optical component. Because of the conflicts between broad spectral region and high resolution, it appears reasonable to design an optical system that has a broad spectral region and a low resolution or a narrow spectral region and a high resolution. For example, Yu et al. have proposed a design method for realizing a configuration with a resolution of 0.55 nm in the UV region 120 nm-180 nm [14] . Peng et al. have proposed to switch two gratings to broaden the spectral region [15] . In this paper, we also propose a simple method for solving the problem. Based on Namioka grating theory [12, 13] , common diffraction orders and simultaneous minimal aberration (CDO-SMA) are used to realize the broad spectral region and moderately high resolution in a flat field concave holographic grating configuration. A genetic algorithm (GA) and ZEMAX software are applied to realize these ideas. It is confirmed that the spectral region and resolution here are better than for the existing configuration based on flat field concave holographic grating. The principle of realizing a broad spectral region and a moderately high resolution is described in Section 2. The practical method for realizing this idea is described in Section 3. A near-normal-incidence example is given in Section 4. Conclusions are given in Section 5.
Principle of Realizing Broad Spectral Region and High Resolution
The schematic diagram of a flat field concave holographic grating is illustrated in Fig. 1 [12] , and the Cartesian coordinate system of the grating also is denoted. The origin point, O, is on the grating vertex. The x axis is projected to origin point, and the y and z axes are perpendicular and parallel to the grooves of grating, respectively. The direction of the slit length is along the z axis. The irregular groove density of the concave holographic grating itself is described by the coordinates of two different construction points Cr C ; z C ; γ and Dr D ; z D ; δ, a construction wavelength λ 0 , and the diffraction order m. Ar; z; α is a point at the entrance silt, and A 0 λ represents the diffraction foci of wavelength λ. Hr H ; z H ; β H is the perpendicular point of the imaging plane. The coordinates w, and l are used only for the points on the grating, and Pw; l is any point on the grating.
Based on the concave grating theory of Namioka, The light-path function F of the ray APA 0 λ is [12, 13] F F 000 wF 100 lF 011 1 2
F ijk is expressed in the form
M ijk represents the terms peculiar to mounting parameters, and H ijk represents the terms peculiar to recording parameters. The explicit expressions M ijk and H ijk can be found in Ref. [12] . To realize a broad spectral region, we divide the spectral region into two parts, which are low spectral region (180-360 nm) and high spectral region (360-720 nm). First, we design a flat field concave holographic grating applied for the 2nd diffraction order and low spectral region (180-360 nm), and we also carry out aberration correction to obtain optimized mounting and recording parameters M ijk ; H ijk for this grating. It could be considered that the grating could be applied in an optical configuration with narrow spectral region and moderately high resolution. Second, the flat field concave holographic grating is applied for the 1st diffraction order and high spectral region (360-720 nm). Because of the dependence of aberrations in the light path on mλ alone, the mounting and recording parameters M ijk ; H ijk are the same as those for the spectral region 180-360 nm. They appear as the following expression:
This proves that the aberration correction of the 2nd order applies equally well to the 1st order. The entrance slit and imaging plane need not change, and the grating also is holding at the original position. In practical spectrometers, the preoptics assembly is usually used to lead light into the entrance slit from the light sources. Two high transmission bandpass filters can be used alternatively for selecting spectral region 180-360 nm and 360-720 nm, respectively. These filters can be used in parallel light paths to decrease the refraction influence on the imaging performance. At present both Newport and Thorlabs provide the services of all kinds of custombuilt filters. It is also true that many advanced CCD detectors have realized high quantum efficiency in both the UV and visible spectral regions. The potential for high intensity is clear from the single diffraction element and the direct imaging on the CCD. A blaze holographic grating etched by ion beam etching technology may be advantageous for uniform intensity in two spectral regions [16] . Based on the description above, we would realize a broad spectral region, a moderately high resolution, and high intensity in a compact spectrometer based on a flat field concave holographic grating. 
Design Method of the Flat Field Concave Holographic Grating
For simplification, the incidence and diffraction are defined in the x-y plane. Figure 2 shows a diagram of the Cartesian coordinate system of the grating. The surface of the grating blank is described as [12, 13] 
a ij y i z j a 00 a 10 0; j even. (4) Giving suitable values to the coefficients a ij , we can obtain the expressions for spherical, toroidal, ellipsoidal, and other aspheric surfaces. In this paper, we consider a spherical mirror as the grating blank, and the expression [Eq. (4)] yields
x a 20 y 2 a 02 z 2 a 20 a 02 1∕2R.
If we consider only the major influences on aberration, the light-path function F of ray APA 0 λ could be described as F F 000 wF 100 lF 011 1 2
To guarantee diffraction light focusing on the imaging plane, the meridian imaging condition (F 100 0) should be met:
where α is the angle of incidence and β λ is the angle of diffraction in λ. σ is the effective grating constant, and m is the diffraction order. The spectral-imaging plane could be described as Table 1 gives the spectrometer parameters that should be determined before designing the flat field concave holographic grating. The diffraction angle β λ and distance r 0 λ in λ can be induced by Eqs. (7) and (8), respectively. Based on Namioka theory, the minimal-aberration function of the flat field concave holographic grating can be expressed as [12, 13] f r; α; r H ; β H ; a 20 ; r C ; z C ; γ; r D ; z D ; δ
where mounting parameters are represented by r; α; r H ; β H and recording parameters are represented by r C ; z C ; γ; r D ; z D ; δ. a 20 is used to calculate the radius of curvature of the grating blank by Eq. (5). It is apparent that those variables cannot be expressed by the analytic equation. It requires an optimized method that could be applied to obtain the initial mounting and recording parameters. To achieve this goal, we consider a GA that can be used to find the initial optimization parameters meeting the minimal-aberration function in Eq. (9). Goldberg has developed the GA for a further application [17] , and the mature and reliable GA software toolbox has been integrated into MATLAB. It is possible for us to solve our problems by the MATLAB program, in which the initial population, objection function, and constrain function are written by us. The initial population includes variables needed for the problems to be optimized r; α; r H ; β H ; a 20 ; r C ; z C ; γ; r D ; z D ; δ.
The objection function and constrain function are given by Eqs. (9) and (10), respectively [12, 13] :
Design Results and Analysis
Based on the requirements for the volume of the instrument and the resolution in our institute, we define the expected parameters of the spectrometers at the beginning of the spectral-imaging system design in Table 2 and give the initial population range used by GA in Table 3 . After 50 iterations are finished, we obtain the initial optimization parameters meeting the minimal-aberration function (9) and constrain function (10) . We model an optical configuration based on the concave holographic grating in ZEMAX, and the initial optimization parameters are input to perform the second optimization based on the evaluation function of minimizing the spot diagram radius. The optimization variables are coordinates of mounting and constructing points. Tables 4 and 5 show the results optimized by GA and ZEMAX, respectively. Table 6 also gives the physical parameters of the holographic concave grating designed by us. Finally, we also verify our design results by light ray trace in ZEMAX. The single wavelength spot radius versus wavelength is applied to evaluate the aberration correction of the configuration based on our designed grating, and line-pair spectral images are applied to evaluate its resolution. Figure 3 shows the layout of the optical configuration based on the flat field concave holographic grating, and Figs. 4(a) and (b) show the single wavelength spot radius versus wavelength in two spectral regions. We can find that the RMS of each wavelength is kept around 20 μm, and no acute movement happens. The similar single wavelength spot radius versus wavelength in Figs. 4(a) and (b) also tells us that the same aberration correction is achieved in two spectral regions. Figure 5 shows a spectrum of line pairs imaged on the Line Array CCD in the 180-360 nm region. It shows that several simulation spectral lines are distinguished, and the magnified parts provide the resolution demonstration in the design wavelengths 180, 180.2, 282.4, 282.6, 359.8, and 360 nm. Figure 6 shows a spectrum of line pairs imaged on the line array CCD in the 360-720 nm region. It shows that several simulation spectral lines are distinguished, and the magnified parts provide the resolution demonstration in the design wavelengths 360, 360.4, 564.8, 565.2, and 719.6, 720 nm. Based on the simulation analysis above, we can concluded, using filters to suppress the unwanted order, that this flat field holographic grating configuration can be used in the 180-720 nm broad region with a moderately high resolution. The spectrum of line pairs could be imaged on a bar line array CCD (45.125 mm × 1 mm), and the TDI camera C10000-601 (Hamamatsu Company) is appropriate for its imaging plane [18] . The performance of the flat field concave holographic grating is satisfied at the target.
Conclusion
We focus on the optimized design of a simple, broad spectral region, moderately high resolution, and high intensity flat field spectrometer for the visible and near-UV. The major new optical feature is the spectral overlap of 2nd and 1st orders at wavelengths of 180 to 360 nm and 360 to 720 nm, which is widely used to realize the purpose of a broad spectrum. The dependence of aberrations in the light path on mλ alone is also taken into account, which enables optimization of one order to apply equally well to the other. Similarly, the resolving power (λ∕Δλ) will be the same for both orders because of the same angles and light paths for a given mλ. To obtain moderately high intensity in both diffraction orders, we also proposed etching a blaze holographic grating by ion beam etching technology, which may be advantageous for a uniform intensity in two spectral regions. Based on the Namioka grating theory, we develop a practical design method of a flat field concave holographic grating with the help of GA and ZEMAX software. An example modeled in ZEMAX proved our ideas, in which the resolution reached 0.2 nm at 180-360 nm and 0.4 nm at 360-720 nm.
In conclusion, we propose a simple method to solve the conflicts between broad spectral region and high resolution in a compact spectrometer based on a flat field concave holographic grating and line array CCD. Our ideas should be helpful for improving the performance of compact spectrometers.
